Purpose The present study evaluated the association between oxidative parameters in embryo cryopreservation medium and laboratory and clinical outcomes. Methods This prospective laboratory study was conducted in an IVF unit in a university-affiliated hospital with 91 IVF patients undergoing a frozen-thawed embryo transfer cycle. Following thawing, 50 μL of embryo cryopreservation medium was retrieved from each cryotube and tested by the thermochemiluminescence (TCL) assay. TCL amplitudes after 50 (H1), 150 (H2), and 280 s (H3) were recorded in counts per second (CPS) and the TCL ratio determined for comparison with implantation and pregnancy rates. Results A total of 194 embryos were transferred in 85 frozenthaw cycles. Twenty-one pregnancies (24.7 %) occurred. Implantation and overall and clinical pregnancy rates were higher when the median TCL H1 amplitude was <32 CPS compared to ≥32 CPS (14.6 vs. 5.3 %, 37.5 vs. 17 %, 28.1 vs. 9.4 %, respectively). No pregnancies occurred when the H1 amplitude was ≥40 CPS. Logistic regression multivariate analysis found that only the median TCL H1 amplitude was associated with the occurrence of pregnancy (OR = 2.93, 95 % CI 1.065-8.08). The TCL ratio inversely correlated with the duration of embryo cryopreservation (r = −0.37).
Introduction
Cryopreservation of surplus embryos has been routine practice in IVF laboratories since 1983 [1] . This procedure both reduces the risk of multiple births and prevents the wastage of embryos developed after supraphysiological ovarian stimulation. In addition, the possibility of cryopreserving all embryos and avoiding fresh embryo transfer may prevent the aggravation of ovarian hyperstimulation syndrome in high-risk IVF cycles [2, 3] . Embryo cryopreservation may also be a successful option for fertility preservation in young women at risk of premature ovarian failure under specific circumstances [4] . Recently, pregnancy and live birth rates for frozen-thawed embryos have approached or surpassed those of fresh embryos [5] [6] [7] . Consequently, the emerging trend for elective single embryo transfer in fresh cycles has been extended to frozenthaw cycles. Due to the increasing tendency to transfer fewer embryos in IVF, embryo selection methods have been the focus of research for the last 10-15 years. The need for more accurate selection criteria than the standard morphological grading system has prompted numerous trials in an attempt to develop non-invasive tools enabling real-time selection of Capsule An oxidative parameter in embryo cryopreservation medium as measured by thermochemiluminescence assay was associated with pregnancy in a prospective study. These findings may provide a tool for better embryo selection.
embryos with the best chances of implantation. Time-lapse embryo scoring is a promising tool for improving the selection of embryos for transfer, but this technique involves only fresh embryos [8] . Despite the development of standardized protocols for embryo grading, embryos chosen for transfer following a freeze-thaw cycle are assessed on the basis of a subjective morphological grading and scoring system, which has limitations, including intra-and inter-observer variability [9] . Both cryopreservation and thawing have been associated with post-thaw damage to cells, tissues, and organs via several mechanisms [10] . After incubation and assessment as fresh embryos, frozen-thawed embryos further undergo a process with potential implications for occurrence of implantation. However, these changes are currently assessed only by classical morphological grading and blastomere survival. The thermochemiluminescence (TCL) assay developed in 1994 by Shnizer et al. has been used to investigate oxidative stress in biological fluids [11] and was validated in several studies using various biological samples such as the following: bovine serum albumin, polyunsaturated fatty acids [11] , human and rat blood serum [12, 13] , human seminal plasma [14] , human bronchoalveolar lavage fluid, amniotic fluid, follicular fluid [15] , and embryo culture media [16] .
Heating samples in the TCL Analyzer (Carmel Diagnostics, Kiryat-Tivon, Israel) [11] result in molecular oxidative modification and the formation of electronically excited species (EES) that can be measured as low chemiluminescence in the 350-600nm wavelength range. The TCL kinetic curve pattern reflects the in vitro residual oxidative capacity following in vivo molecular oxidation. The TCL Analyzer is a sensitive, simple, and fast (7 min) method for assessing oxidizability in a given sample of biological fluid. Its convenient size (30 cm × 35 cm × 40 cm) enables its use in an IVF laboratory setup, and sample volumes as small as 10 μL can be analyzed [16] . In a previous study [15] , we found an association between oxidative parameters in follicular fluid as measured by the TCL assay, ovarian reserve parameters and the ability to conceive. In another study [16] , we found that TCL oxidative parameters in the embryo culture media may serve as quick, simple, and accurate tools for embryo selection in IVF. The objective of the present study was to evaluate the possible association between TCL oxidative parameters in embryo cryopreservation medium and laboratory and clinical parameters of treatment success.
Materials and methods
Ninety-one women undergoing a frozen-thaw embryo transfer cycle in our unit during 2013 participated in this prospective study. The study was approved by the Institutional Review Board. Informed consent was obtained from all individual participants included in the study.
Cryopreservation and thawing protocols
Embryo cohorts were cryopreserved according to the slowfreeze protocol in a biological freezer (Planer Kryo II; Planer Products Ltd., Middlesex, England) with a freezing and thawing kit consisting of three freezing and three thawing solutions (Quinns advantage freeze kit; SAGE Trumbull, USA) containing propandiol, sucrose and human albumin in varying proportions. Embryos were frozen in tubes (Cryotubes, Nunc, Roskilde, Denmark) containing 0.25 mL of freezing medium. The temperature was decreased from room temperature to −7.5°C at the rate of −2°C per minute. After 10 min at this temperature, the tubes were manually seeded. After seeding, the tubes remained at −7.5°C for another 15 min. The temperature was then dropped to −30°C at a rate of −0.3°C per minute. Afterwards, the temperature was further dropped at a rate of −10°C per minute to −130°C. At this stage, the tubes were transferred to a canister, which was inserted into liquid nitrogen (−196°C) until thawing.
For thawing, the cryotubes were removed from the canister and kept at room temperature for 1 min and then inserted into a 37°C water bath for approximately 1.5 min until completely thawed. At this stage, embryos were removed from the freezing medium and transferred, in decreasing concentrations, to a thawing medium according to the instructions in the SAGE kit. At the end of this process, the embryos were transferred to fresh incubation medium at 37°C and then transferred to the uterus.
Freeze-thaw embryo transfer protocols
Patients underwent either a natural cycle protocol or a hormonal replacement protocol in order to achieve a receptive endometrium. In the natural cycle protocol, patients with normal ovulatory cycles were serially monitored during the follicular phase for serum estradiol, luteinizing hormone and progesterone levels, and transvaginal sonography (TVS) was performed to determine the number and size of the leading follicles and endometrial thickness until ovulation occurred. When LH surge was observed in the serum, coupled with signs of ovulation by transvaginal sonography, thawing and transferring of embryos was planned according to their developmental stage at freezing [17] . Patients in the natural cycle protocol did not receive any medication in order to induce ovulation. Luteal phase support by the administration of 400 mg of micronized progesterone was administered as a vaginal suppository (Utrogestane, Besins International Laboratories, Paris, France) twice daily to the patients.
In the endometrial preparation protocol, 2 mg of oral estradiol hemihydrate (Estrofem, Novo Nordisk, IS, Denmark) or estradiol valerate (Progynova, Bayer, GmBH and, CO.KG Weimar, Germany) was administered three times a day starting on cycle day 3. Patients were monitored by TVS for endometrial thickness and appearance. When a three-laminar endometrium ≥7 mm was observed, 400 mg of micronized progesterone was administered as a vaginal suppository (Utrogestane, Besins International Laboratories, Paris, France) twice daily. Embryos were thawed and transferred 2 or 3 days after the addition of progesterone depending on embryo age at freezing. After thawing, all surviving embryos in the cryotube were transferred to the uterus. None of the patients received thawed embryos originating from two freezing cohorts (i.e., two different cryotubes); every transfer cycle represents one frozenthawed embryo cohort. Hormonal support was maintained among both groups until serum BHCG levels were measured, 12 days after embryo transfer. Levels above 5 IU/L were indicative of pregnancy. Clinical pregnancy was defined by the presence of one or more gestational sacs on TVS. If pregnancy occurred, hormonal support was carried on until the ninth gestational week [18] . The implantation rate was defined as the number of gestational sacs demonstrated by sonography divided by the number of transferred embryos per patient in a conception cycle.
Embryo selection for transfer and freezing and embryo scoring after thawing were performed according to standard morphological assessment methods [19] . Briefly, embryos were graded according to three parameters: equality of blastomeres, nuclear fragmentation and cytoplasmic granules. Each parameter was graded as 0, 0.5, or 1. The maximum total score was 3. Embryos were cryopreserved only when the total score was ≥2. Thawed embryos were considered viable and eligible for transfer if ≥50 % of blastomeres survived and the total score was ≥2.
Medium collection for TCL analysis
After removing the embryos from the thawing medium, 50 μL of cryopreservation medium was removed from each cryotube and examined in the TCL Analyzer. Both the embryologists and the physician performing the embryo transfer were blinded to the TCL results. The four TCL parameters recorded were the TCL amplitude after 50 (H1), 150 (H2), and 280 (H3) seconds, expressed in counts per second (CPS) and the TCL ratio. The ratio was calculated as follows:
The slope of the TCL curve expressed by the TCL ratio represents the residual oxidative potential of the examined sample. The TCL H1 amplitude represents the fast oxidation of intermediary oxidative metabolites present in the sample, which begins prior to examination in the TCL Analyzer.
Statistical analysis
Statistical analysis was performed using IBM statistics SPSS22 package for Windows (SPSS Inc., Chicago, IL, USA). The continuous variables were presented as mean ± SD or median and range. The categorical variables were presented as percentages. The statistical tests used to examine the difference between two groups were the independent t test or Mann-Whitney test, as appropriate, for the continuous variables. The chi-square test was used for categorical variables. The correlation between two continuous variables was examined using the Pearson or Spearman correlation as appropriate. Multivariate logistic regression was performed to identify the independent factors associated with the occurrence of pregnancy. p < 0.05 was considered significant. In order to calculate an optimal TCL amplitude cut-off, a receiver operator curve (ROC) was plotted.
In our previous work [16] evaluating oxidative parameters in embryo culture media from IVF, the TCL H1 amplitude was the most predictive parameter for treatment success. Therefore, in this study evaluating oxidative parameters in embryo cryopreservation medium, we assumed that the TCL H1 amplitude may also potentially impact treatment outcome. Consequently, the power analysis was calculated according to a possible difference in TCL H1 amplitude of 0.7 standard deviations given a confidence level of 95 % and power of 0.8 among pregnant vs. non-pregnant patients. The study was planned as a 1-year study. Therefore, our sample size considerations were based on the average number of frozen embryo transfer (FET) cycles in our IVF unit annually during recent years. Our unit performs 90-100 FET cycles per year, achieving an average pregnancy rate of 25 %. Based on this data and assuming a 95 % confidence level and power of 80 %, this sample size allows us to find a difference of 0.7 SD (based on independent t test) in TCL HI amplitude between the conception cycles (cycles that resulted in pregnancy) and non-conception cycles.
Results
The patients ranged in age from 20 to 45 years (Table 1) . A total of 275 embryos were thawed, 194 of which (70.5 %) were transferred. In six cycles, embryo transfer was canceled due to fragmentation and no survival of post-thaw embryos. The mean number of thawed and transferred embryos per freezing cohort was 2.9 ± 0.9 and 2.1 ± 0.8, respectively. One embryo was transferred in 12 of the 85 transfer cycles (14 %). Twenty-one pregnancies (24.7 %) were achieved. Thirteen resulted in live birth (9 singleton and 4 twin deliveries). Eight pregnancies (38 %) resulted in miscarriage. Demographic, clinical and laboratory data are summarized in Table 1 . In the ROC analysis, the median TCL H1 amplitude of 32 CPS was the best cut-off value for discriminating between conception and non-conception cycles. The area under the ROC (AUC) of the TCL H1 median for any pregnancy was 0.62 (95 % CI 0.48-0.76). When ROC was calculated for clinical pregnancies only, the AUC was 0.66 (95 % CI 0.5-0.82). Overall and clinical pregnancy rates Data are presented as mean ± SD unless otherwise noted *We examined the effect size of the variables with p < 0.1 obtained from embryos with a TCL H1 amplitude <32 CPS were higher than those achieved from embryos with a TCL H1 amplitude ≥32 CPS (37.5 vs. 17 %, p < 0.03 and 28.1 vs. 9.4 %, p < 0.02, respectively). The mean implantation rate was 8.8 % (95 % CI 3.9-13.7). Similarly, the implantation rate obtained for embryos with a TCL H1 amplitude <32 CPS was higher than those achieved for embryos with a TCL H1 amplitude ≥32 CPS (Fig. 1 ). In addition, higher pregnancy rates were associated with the transfer of embryos at 2 days (p < 0.093), a greater number of transferred embryos (p < 0.07) and the transfer of embryos with a lower TCL H1 amplitude (p < 0.089) or a TCL H2 amplitude <35 CPS (p < 0.068; Table 1 ). The areas under the ROC of the median TCL H2 amplitude, TCL H3 amplitude and TCL ratio were 0.58 (95 % CI 0.44-0.72), 0.52 (95 % CI 0.37-0.67), and 0.57 (95 % CI 0.42-0.73), respectively. Although these results did not reach significance, we have included the variables for which p < 0.1 (i.e., embryo age, number of transferred embryos and median TCL H2 amplitude) as possible confounding factors in the multivariate logistic regression analysis, as well as patient age, which was not associated with the occurrence of pregnancy in our analysis, but according to the existing literature is a major determinant of the chances of conception. No relationship was found between embryo developmental stage at thawing and intracohort embryo survival rates (day 2 vs. day 3 embryos: 77. 40 .74 CPS, p < 0.99; TCL ratio 127.4 vs. 122.67, p < 0.301). We also found no difference between these two embryo age groups in regard to embryo or mean patient implantation rate (11.2 vs. 6.8 %, p < 0.343, 11.6 vs. 5.1 %, p < 0.269). The differences between clinical and laboratory parameters between median TCL H1 and TCL H2 amplitudes, which were associated with the occurrence of pregnancy, are summarized in Table 2 .
A stepwise logistic regression multivariate analysis including patient age and all confounding factors associated with the occurrence of pregnancy found that only the median TCL H1 amplitude was associated with the chances of conception (OR = 2.93, 95 % CI 1.065-8.08, p < 0.03, Table 3 ). The omnibus test of the model was 0.036. When patient age was excluded from the multivariate analysis, the results were the same; only the median TCL H1 amplitude was significantly associated with the occurrence of pregnancy (B = 1.08, OR = 2.93, 95 % CI 1.07-8.08, p < 0.037).
No pregnancies occurred when the TCL H1 amplitude was ≥40 CPS (95 % CI 0-0.52). This was found in five cycles. The distribution of TCL H1 amplitudes in conception vs. nonconception cycles according to embryo age is demonstrated in Fig. 2 . Patient age inversely correlated with TCL H3 amplitude (r = −0.25, p < 0.01) and TCL ratio (r = −0.21, p < 0.04). However, no association was found between patient age and the chances of pregnancy.
Of the 85 patients with embryo transfer, 12 (14.1 %) were smokers. Pregnancy rates were higher among non-smokers than among smokers, but the difference was not significant (27.1 vs. 8.3 %, p < 0.277). The median TCL H3 amplitude was higher among smokers than non-smokers (44 CPS vs. 40 CPS, p < 0.03). The same trend was observed for median TCL H2 amplitude and TCL ratio, though the differences did not reach significance. The TCL ratio inversely correlated with the duration of embryo cryopreservation (r = −0.37, p < 0.0001). Duration did not correlate with the TCL H1, TCL H2, or TCL H3 amplitudes.
Furthermore, no association was found between the number of thawed and transferred embryos in a cohort and any of the TCL parameters: TCL H1, TCL H2, and TCL H3 amplitudes and TCL ratio (thawed embryos r = 0.02, p 0.869; r = 0.13, p = 0.235; r = 0.18, p = 0.103; and r = 0.10, p = 0.344, respectively; transferred embryos r = −0.06, Fig. 1 Comparison of implantation, overall pregnancy, and clinical pregnancy rates in relation to median TCL H1 (32 CPS) amplitude in the cryopreservation medium p = 0.584; r = 0.01, p = 0.937; r = 0.02, p = 0.854; and r = 0.16, p = 0.146, respectively). No association was found between the type of infertility (primary/secondary), embryo grading and staging, embryo survival rate in the freezing cohort, and pregnancy rates (Table 1) . No differences were found between median TCL H1 amplitude and median TCL H2 amplitude and the number of embryos in the cohort, intra-cohort embryo survival rate (for all embryos and also when embryos were grouped according to the FET cycle, i.e., natural vs. hormonal replacement), or embryo morphological staging and grading (Table 2) .
Discussion
In this preliminary study, we demonstrated for the first time that frozen-thawed embryos for IVF express oxidative processes in the cryopreservation medium, and that one of these parameters, the median TCL H1 amplitude, is associated with their ability to implant. We found that higher levels of oxidation, as indicated by the TCL H1 amplitude, in the cryopreservation medium are inversely associated with the The stepwise regression revealed that only the median H1 amplitude was a significant factor affecting the chance of conception chances of conception. In addition, we identified a TCL H1 cut-off value beyond which no pregnancies occurred. However, as a TCL H1 amplitude >40 CPS was found in only five cases, we think it is premature to recommend that frozenthawed embryos be discarded from transfer if this specific value is measured in the cryopreservation medium. After extending this preliminary study to a larger sample size, it may be possible to find a new cut-off value representing more frozen-thawed embryos that will be able to discriminate between conception and non-conception cycles in a significant manner. The effects of cryopreservation on biological organs and tissues have been studied extensively. The mechanisms underlying damage caused by the freeze-thaw process include osmotic rupture, intracellular ice formation [20] , and oxidative stress [21] . Park et al. described defective antioxidant activity in yeast cells following cryopreservation and demonstrated that post-thaw cellular damage is associated with generation of the oxidant superoxide. They also showed that the damage may be prevented by the addition of antioxidants [22] . Cryopreservation of sperm was associated with low antioxidant status, making them susceptible to oxidative stress and peroxidative damage [23] . In human sperm samples, cryopreservation led to a significant increase in the rate of DNA fragmentation, 8-OHdG (marker of oxidative DNA damage), and apoptosis. The rate of DNA fragmentation correlated with 8-OHdG levels, and the addition of antioxidant to the cryoprotectant had a significant protective effect on the integrity of sperm DNA [24] . Recently, Gale et al. demonstrated increased levels of oxidative stress biomarkers in mussel oocytes following cryopreservation [25] . Other studies demonstrated increased production of reactive oxygen species following cryopreservation of mouse embryos [26] and decreased levels of antioxidant enzymes, such as glutathione reductase, superoxide dismutase, and dehydroascorbate reductase, in frozen maize embryos [27] . These findings are in concordance with the work of Boonkusol et al., who reported the upregulation of two genes associated with oxidative stress (MnSOD and CuSOD) following thawing of mouse embryos [28] . Similarly, Lane et al. showed that the addition of the antioxidant ascorbate to the cryopreservation medium of mouse embryos was beneficial for subsequent embryo development to the blastocyst stage [29] . Recently, Castillo-Martín et al. reported that supplementing culture and vitrification-warming media with ascorbic acid enhanced survival rates and the redox status of porcine blastocysts via induction of GPX1 and SOD1 expression [30] . However, none of these studies addressed embryo implantation. Until now, no studies have been published regarding the mechanisms underlying freeze-thaw damage to human embryos. In the study by Lane et al. [29] , it is possible that the oxidative damage to embryos may decrease their developmental potential to reach the blastocyst stage, reducing the chance of implantation.
Although other cycle variables, such as the number of transferred embryos and embryo age, were found to be associated with the chance of conception, a logistic regression multivariate analysis revealed that the median TCL H1 amplitude was the only significant contributor to treatment success. Survival rates and embryo grading were not associated with the occurrence of pregnancy. The latter may be explained by the small sample size or the narrow range of embryo morphological scores, resulting in a limited resolution to accurately differentiate between viable and non-viable embryos.
The process of cryopreservation and subsequent thawing may be a traumatic procedure for the embryo, and the resulting damage may not necessarily be detected by current methods of assessing the quality of frozen-thawed embryos, namely grading and staging by a trained embryologist. Therefore, embryos with a high post-thaw morphological score may not necessarily be those with the highest potential for implantation. Also, the TCL analysis in our study was performed on cryopreservation medium from embryo cohorts and not individual embryos. Therefore, the results do not reflect the implantation potential of single embryos, but rather that of a cohort. However, from a clinical point of view, this may enable us to identify thawed embryo cohorts with a higher implantation potential, as cleavage state frozenthawed embryos are transferred as a cohort in many IVF units, including ours. Nevertheless, with the increasing tendency towards the elective freezing and transfer of a single frozenthawed embryo (especially frozen-thawed blastocyst), we aim to extend our study to the FET of a single blastocyst.
In this context, it is interesting to state that no association was found between the number of embryos in a frozen-thawed cohort and TCL parameters.
An interesting finding was the inverse correlation between patient age and TCL ratio and TCL H3 amplitude. The TCL ratio expresses the residual oxidizability of the sample, which is inversely related to the oxidative processes the sample has already undergone prior to the TCL analysis (i.e., a higher TCL curve slope indicates a non-oxidized state of the examined sample, and vice versa). Similar results were found when we examined follicular fluid in the TCL Analyzer [15] . This inverse correlation may reflect the age-related increase in free radical activity [31] [32] [33] [34] .
Our results regarding the association between smoking and the chance of implantation did not reach significance. This may be due to the small sample size. However, a relationship was found between the women's smoking status and TCL parameters in the cryopreservation medium. The embryos of smoking patients may undergo more oxidative processes, resulting in higher oxidative levels in the cryopreservation medium. This finding is in line with our previous study assessing TCL oxidative parameters in embryo culture medium [16] and may reflect the maternally derived environmental influence on in vitro cultured embryos. Thus, we speculate that embryos from smoking patients Bsense^their mother's smoking status.
The inverse correlation between the duration of cryopreservation and TCL ratio may represent a time-dependent decline in the residual oxidative capacity of the medium; embryos stored for longer expressed higher levels of oxidation in the cryopreservation medium. This finding may support our assumption that TCL parameters in the cryopreservation medium represent oxidative processes that occur during the freezing period.
Although vitrification is currently our preferred method for embryo cryopreservation, achieving higher survival and pregnancy rates, the study was conducted when most of our embryos were cryopreserved by the slow-freezing method [35] . We are aware of the advantages and recent tendency to cryopreserve all fresh embryos separately as single blastocysts [36] , but an updated Cochrane review database [37] revealed that cleavage stage embryos derived from fresh and thaw cycles result in higher clinical pregnancy rates than those from blastocyst cycles. Our clinical pregnancy rates achieved by slow freezing are in line with other studies [38, 39] . Analysis of cleavage-stage thawed embryos is relevant due to the number of stored embryos that are to be thawed and the unsolved dilemma as to the optimal timing of embryo transfer and freezing.
Our results, though preliminary, may shed light on the nature of cryopreservation and thawing-induced embryo damage. They warrant a large-scale prospective study using cryopreservation medium from vitrified embryos, including both cleavage stage and blastocysts, which we are currently being frozen individually. When dealing with the transfer of fresh embryos, extensive effort is being made towards improving our ability to select viable embryos out of a cohort of cleavage embryos or blastocysts (time lapse analysis, gene expression analysis, metabolomics, etc.) [8, 40, 41] . However, selection tools for the transfer of thawed embryos are still based on survival and morphology. As cryopreservation of embryos becomes more and more common in the context of assisted reproductive technologies, we believe that the application of the TCL assay may provide an additional quick, non-invasive, simple, accurate, and objective tool for better embryo selection after thawing, improving treatment outcome.
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